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Fourier transform ion cyclotron resonance (FT-ICR) detection was tested for resonance- 
enhanced multiphoton ionization (REMPI) spectroscopy. The (2 + 1) REMPI spectra of 
acetaldehyde were obtained in the wavelength range 364-354 run via a two-photon resonant 
3s + n Rydberg transition. The space-charge effects on the REMPI spectra were examined in 
the vicinity of the 0: transition. The trapping efficiency measurement shows that all the ions 
produced from REMPI dissociation processes are arrested in the ion cyclotron resonance cell 
even in the presence of space-charge interactions. Axial kinetic energy release distributions 
of ions were extracted from the trapping efficiency data obtained under a new 
space-charge-free condition. ET-ICR peak heights were measured as a function of pressure at 
different laser powers, magnetic field strengths, and ion excitation methods to test for the 
detection linearity. The ET-ICR detection responds linearly to the number of ions in a low 
pressure limit. The product branching ratio was measured by using various ion excitation 
methods and was compared with the previous quadrupole mass spectrometric study. ET-ICR 
detection yields the mass-selected REMPI spectra and the product branching ratio in the 
absence of kinetic shifts. (J Am Sot Mass Spectrom 1996, 7,1018-1025) 
M ultiphoton ionization (MEI) is one of the most widely used physical methods for spectro- scopic studies of resonant intermediate states 
[l-61. For mass spectroscopic studies, a time-of-flight 
mass spectrometer (TOF-MS) typically has been em- 
ployed owing to its ease to obtain a complete mass 
spectrum from each ionizing pulse [7-111. It allows the 
accurate determination of molecular weights 1121 and 
kinetic energy release distributions of ions from 
metastable ion decompositions 1131. However, ion col- 
lection efficiencies vary with the extraction ion optics, 
and product branching ratios are subject to the kinetic 
shifts of ion signals [141. Sector and quadrupole mass 
spectrometers also have been used for mass-selective 
studies of multiphoton ionization processes [15], but 
their applications have been limited by a poor duty 
cycle, which requires several laser shots per atomic 
mass unit. A Fourier transform ion cyclotron resonance 
(ET-ICR) spectrometer has been used to obtain ME1 
mass spectra from each ionizing pulse [ 16-191. The ion 
trapping helps to accumulate and detect all ions pro- 
duced from ME1 processes. 
Most optical spectroscopic studies have been car- 
ried out by using a parallel plate detector that probes a 
total ion current as a function of excitation wavelength 
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[201. The TOF-MS or the quadrupole mass spectrome- 
ters often are employed to obtain the mass-selected ME1 
spectra as a function of wavelength [15, 21, 221. How- 
ever, presently there are no reports of mass-selected 
optical ME1 spectroscopy that uses ET-ICR spectrome- 
try. All previous studies focused on ionization of the 
selected target molecules in the ion cyclotron reso- 
nance (ICR) cell [16-19, 23-261. For instance, McIver 
and co-workers [16] obtained two-photon ionization 
(2PI) mass spectra of polycyclic aromatic hydrocarbons 
(l?AHs) from a single laser shot at 248 and 222 nm. 
Carlin and Freiser [17] reported the selective 2PI of 
PAHs at 266 nm. Gross and co-workers [18] used 2l?I 
to detect PAHs in a gas chromatography-Fourier 
transform-ion cyclotron resonance detection system. 
Eyler and co-workers [19] performed ME1 of laser- 
desorbed nonvolatile samples. Most recently, Bowers 
and co-workers [23-261 employed the ME1 for state- 
selective generation of NO+(X’B+, v = l-5). 
In the present study, the resonance-enhanced ME1 
(REMPI) spectra of acetaldehyde were taken in the ICR 
cell to examine the performance of ET-ICR detection 
for REMPI spectroscopy. ME1 in the ICR cell that uses 
a focused pulsed laser beam is considered to be a 
pulsed near-point ion source located in the middle of 
the ICR cell. ME1 mass spectra were collected as a 
function of wavelength in the range 364-354 run and 
the mass-selected REMPI spectra of acetaldehyde were 
obtained therefrom. 
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The REMPI processes employed in this work in- 
volve a two-photon resonant 3s + n Rydberg transi- 
tion of acetaldehyde followed by one-photon ioniza- 
tion [15, 20, 21, 27-311. The (2 + 1) REMPI spectra of 
acetaldehyde first was reported in the wavelength 
range 368-358 run by Heath et al. [27], who used a 
parallel-plate ionization cell. Fisanick et al. [15] re- 
ported both Ml’1 mass spectra and mass-selected 
REMPI spectra by using a quadrupole mass filter. 
Goodman and co-workers [30] studied torsional vi- 
bronic bands by using a parallel plate detector. Re- 
cently, the mass-selected REMPI spectra were recorded 
by Buntine et al. [21] for several deuterated acetalde- 
hydes for the differentiation of possible sym and asym 
rotamers of the methyl group by utilizing a TOF detec- 
tion system. Most recently, Pfab and co-workers [20] 
reported the REMPI spectrum of jet-cooled acetalde- 
hyde over the extended wavelength range 365-352 nm 
by using a parallel-plate detector. 
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The performance tests focus on the trapping effi- 
ciency, the detection linearity, and the product branch- 
ing ratio. The trapping efficiency was measured by 
comparing mass spectral peak heights as a function of 
trapping voltage. This measurement provides axial ki- 
netic energy release distributions (AKERDs) of ions. 
The detection linearity was examined by monitoring 
mass spectral peak heights as a function of sample 
pressure. The product branching ratio was used to test 
the overall performance of ET-ICR detection, because it 
depends on both the trapping efficiency and the detec- 
tion linearity. A single resonant radiofrequency (rfl 
excitation method was compared with broadband exci- 
tation methods to check the mass discrimination due 
to ion excitation. The product branching ratio obtained 
from the pulsed experiment was compared with that 
from the bulk experiment to examine the mass dis- 
crimination due to collisional damping of transient 
signals. 
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Figure 1. (a) A pulsed molecular beam ICR setup and (b) a 
pulse sequence for the single resonant rf excitation experiment. 
The molecular beam and laser pulses are scanned together in a 
lo-ZO-ps decrement step. 
Experimental 
Experiments were performed on the pulsed beam ICR 
setup shown in Figure la, which was interfaced with 
an IonSpec (Irvine, CA) Omega-386 Fourier transform 
(FT) data system. A general description of the experi- 
mental setup has been given elsewhere [23]. Experi- 
mental procedures for the REMPI spectroscopy in the 
ICR cell will be outlined briefly in subsequent text. 
An ICR chamber is operated under a base pressure 
of 5 x 10-a torr. A molecular beam of neat acetalde- 
hyde is pulsed into a differentially pumped chamber 
for N 100 ps. The molecular beam enters the ICR 
chamber through a 1.3~mm-diameter orifice skimmer. 
Output from an excimer pumped dye laser is focused 
onto the center of a 1.85-m. cubic ICR cell by a 50-mm 
focal length lens. The laser beam intersects the molecu- 
lar beam in the center of the ICR cell. A magnetic field 
axis is perpendicular to both the molecular beam and 
the laser propagation axes, whereas the laser polariza- 
tion is linear and perpendicular to the magnetic field 
axis. The trapping and detector plates are made out of 
0.020~in-thick molybdenum and the transmitter plates 
are composed of 90% transmission stainless steel mesh. 
Each of the detector plates has a 3/8-m-diameter hole 
to pass the laser beam horizontally to the center of ICR 
cell, and the transmitter plates are located on the top 
and bottom of the cell to allow the passage of the 
molecular beam. A time delay between the pulsed 
valve and the pump laser was optimized to give the 
best signal-to-noise ratio while minimizing ion- 
molecule reactions. Since the proton-transfer reactions 
of HCO+ with the parent neutral that form the proto 
nated acetaldehyde ion are nearly collision-limited [31], 
collision-free conditions are achieved by minimization 
of the protonated ion signal in the mass spectrum. The 
pressure dependence experiments were performed by 
flowing the sample through a leak valve. The sample 
pressure was monitored with an ion gauge mounted 
near the ICR cell. 
Ions were detected by an impulse or a broadband rf 
chirp excitation method. Image charge signals induced 
on the receiver plates were processed and digitized by 
a ~-MHZ, 32K data point, g-bit transient digitizer. A 
single resonant rf excitation method was applied for 
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the branching ratio measurement. Figure lb shows the 
time sequence of the pulsed valve, pump laser, rf 
excitation, and detection trigger controlled by a digital 
delay generator (Stanford Research DDG 535, Sunny- 
vale, CA). The duration of the single resonant rf burst 
was increased gradually by l-20-ps increments from 
the minimum duration of at least one resonant cycle. 
The start trigger of the transient digitizer was synchro 
nized to the falling edge of the rf pulse. A delay 
between the end of rf burst and the detection trigger st 
art was less than 1 ps. A transient ICR signal was 
digitized for 320 ps with a 100 megasamples per sec- 
ond transient digitizer on a CAMAC crate. 
A DMQ dye was used to scan the 364-354-x-m 
wavelength range with a 0.15-cm-’ increment. A 
bandwidth of the dye laser is - 0.35 cm-’ and the 
pulse width is - 5 ns with a maximum pulse energy 
of - 30 mJ. The FT mass spectrum at each wavelength 
is an average of four laser shots. 
Results and Discussion 
Multiphoton lonization Spectrum of Acetaldehyde 
Figure 2 shows an MI’1 mass spectrum of jet-cooled 
acetaldehyde from a single laser shot at the Rydberg 
transition origin. The MI’1 of acetaldehyde yields the 
parent ion as well as its fragments HCO+ and 
CH,CO+. Mass resolutions are Fourier transform lim- 
ited: 5600 for HCO+ and 3700 for CH,CO+. A three- 
photon energy (A = 363.48 run) 10.23 eV is very close 
to the ionization potential 10.229 eV [32-341. The 
daughter ions are derived from one-photon excitation 
of the parent ion to the fi*A’ state [31]. The c1 C-C 
cleavage to form HCOC with a loss of CH, is a 
dominant product channel. Although the formation of 
CH: from the fi*A’ state is energetically accessible 
with a loss of HCO (%*A’), no CHZ ions are observed. 
The o C-H cleavage to yield CH,CO+ with a loss of 
H is a minor channel. The absence of fragment ions 
such as CH:, CH:, and CH: is particularly intriguing 
atk=363.48nm 
CH$O’ 
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Figure ‘2. A mass spectrum of acetaldehyde obtained at the 
origin of the two-photon resonant 3s + n Rydberg transition 
(A = 363.48 run). The trapping voltage was 1.50 V and the mag- 
netic field strength was 0.76 T. 
because they have been found in the electron impact 
spectra as well as in the previous MIT mass spectra 
obtained by using a quadrupole mass filter [ 151. Fisan- 
ick et al. proposed a sequential stepwise mechanism 
for such fragments. It is speculated that the difference 
in fragmentation between the present result and the 
previous experiment is due to the presence of a mag- 
netic field that affects the dissociation dynamics in the 
excited state. 
The mass-selected REMPI spectra of acetaldehyde 
are shown in Figure 3a for HCO+ and Figure 3b for 
CH,CO+. They were obtained by ionizing a pulsed 
molecular beam of neat acetaldehyde with a - 15- 
mJ/pulse laser power. The two daughter ions exhibit 
almost identical spectral features over the entire wave- 
length range. The vibrational assignments given in 
Figure 3a are based on the vacuum-ultraviolet spectral 
assignments by Creighton and Bell 1351. The strong 
bands such as 0: and 10: display anomalous band 
shapes due to the space-charge effects. The rotational 
temperature of acetaldehyde cannot be estimated be- 
cause of the power broadening. The product branching 
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Figure 3. The mass-selected 2 + 1 REMPI spectra of acetalde- 
hyde with vibrational assignments 1351: (a) HCO+ and (b) 
CH,CO+. The laser power was 15 J/pulse. 
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ratio [HCO+]/[CH,CO+] = u 2.1 f 0.2 remains 
nearly constant over the entire wavelength range and 
mostly independent of vibrational excitations. 
Space-Charge Eficts 
When a dense molecular beam is ionized by a high 
power laser, FT-ICR signals are affected strongly by 
instantaneous Coulomb interactions among ions. The 
Coulomb explosion induces large amplitude oscilla- 
tions of ions in the ICR cell that deteriorate the detec- 
tion linearity (Han, S-J.; Shin, S. K., unpublished). The 
space-charge effect in the pulsed molecular beam ex- 
periment was studied further by examination of the 
laser power dependence of the band shape in the 
vicinity of the 0: transition. The ion density is propor- 
tional to the product of multiphoton absorption cross 
sections. Provided that the one-photon ionization cross 
section remains constant, the ion density is determined 
by a two-photon absorption cross section. Thus, the 
band shape represents rotational contours of two- 
photon transition by a linearly polarized light, which 
consists mainly of a strong Q branch (A] = 0) with 
AK = 0, f 2 in the near-prolate top limit. Figure 4a 
and b shows the REMPI spectra of the 0: band ob- 
tained at 15 and 6 mJ/pulse, respectively. The anoma- 
lous band shape shown in Figure 4a illustrates the 
space-charge effects that decrease the peak height and 
deteriorate the mass resolution near the band center. 
No such effects appear in Figure 4b at the low laser 
power, which indicates that the space-charge interac- 
tions are attenuated greatly. All performance tests were 
carried out under the low ion density condition. 
Trapping Eficiency 
Figure 5a shows FT-ICR peak heights as a function of 
trapping voltage with the excitation wavelength fixed 
at the red wing of the 0: band, whereas Figure 5b 
shows the trapping data obtained at the band center. 
The laser power was fixed at 6 mJ/pulse. In Figure 5a, 
the parent ions were arrested readily by a near-zero 
trapping voltage, which indicates negligible Coulomb 
interactions among ions. The daughter ions were ar- 
rested at higher trapping voltages than the parent ion. 
The complete trapping of HCO+ requires higher po 
tentials than CH,CO+. The total ion intensity increases 
with increasing trapping voltage until all ions are 
trapped in the ICR cell. 
When the wavelength was tuned to the band center 
as shown in Figure 5b, the trapping efficiency curves 
were shifted to higher voltages. Because the kinetic 
energy release from photodissociation is independent 
of laser power, the apparent shift in the trapping 
efficiency curve presumably is due to instantaneous 
Coulomb interactions among ions. It appears that the 
trapping efficiency data are more sensitive to 
space-charge interactions than the FT-ICR peak height 
and width. In spite of space-charge interactions, all 
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Figure 4. Intensities of HCO+ and HC,CO+ ions as a function 
of excitation wavelength. (a) 15 mJ/pulse and (b) 6 mJ/pulse. 
The magnetic field strength was 0.76 T and the trapping voltage 
was 1.50 V. A pulsed molecular beam of neat acetaldehyde was 
used. 
ions were arrested. Thus, a near-unity ion collection 
efficiency is accomplished in the ICR ion trap, which 
allows the unbiased measurement of product branch- 
ing ratios in the absence of kinetic shifts. In the time- 
of-flight or quadrupole mass detection, the ion ex- 
traction within a few microseconds after ionization 
introduces a bias against the product ions formed from 
slow metastable decompositions [36]. This kinetic shift 
of ion intensity due to the ion extraction field is absent 
in the ICR detection. The near-unity ion collection 
efficiency in the absence of the ion extraction stage is 
one of the unique features of ICR detection that may 
be useful for studies of REMPI dissociation processes 
in the absence of kinetic shifts and for studies of 
ion-molecule reactions of state-selected ions [31]. 
Axial Kinetic Energy Release Distributions 
Because a collimated molecular beam propagates to a 
direction perpendicular to the magnetic field axis, the 
(2 + 11 RFMPI produces the parent ion with almost no 
axial kinetic energy. On the other hand, photofragmen- 
tations can release excess energies into the axial kinetic 
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Figure 5. The trapping efficiency data as a function of trapping 
volta 
% 
e. The laser wavelength was tuned to (a) the red wing of 
the 0, band (low ion density) and (b) the band center (high ion 
density). The laser power was fixed at 7 J/pulse and the peak 
pressure in the ICR chamber from the pulsed molecular beam 
WaS - 6 X 10e6 torr. 
energies of the daughter ions. AKBRDs may be ex- 
tracted from the trapping efficiency data [37, 381. Fig- 
ure 6 shows AKERDs of the daughter ions extracted 
from the space-charge-free data shown in Figure 5a. 
Average axial kinetic energies are estimated from 
0.2 r I 
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hial Kinetic Energy (ev) 
0.25 
Figure 6. Axial kinetic energy distributions of ions extracted 
from the trapping efficiency data shown in Figure 4a. 
AKBRDs: - 30 meV for CH,CO+ and - 60 meV for 
HCO+. 
It would be informative to compare average axial 
kinetic eneigy releases with kinematic expectation val- 
ues. The total translational energy E, available to the 
photofragments is given approximately by eq 1: 
E, = E(hv) - D(C-X1 - E,, (1) 
where E(hu) is the photon energy, E(363.48 MI) = 
3.41 eV, D(C-X) is the C-X bond dissociation 
enthalpy, D(CH ,CO +- H) = 0.51 eV and 
D(HCO+-CH,) = 1.55 eV [39], and Eh, is the inter- 
nal energy of the fragments. The kinematic partition- 
ing of total translational energy between photofrag- 
ments yields the maximum translational kinetic ener- 
gies of 66 meV for CH,CO+ and 634 meV for HCO+. 
When compared with average axial kinetic energies, 
the maximum expectation value for the translational 
energy of HCO+ is about 10 times greater than the 
average axial kinetic energy, whereas that of CH,CO+ 
is on the same order of magnitude. This comparison 
indicates that HCO” is translationally quite cold, but 
internally hot. This conclusion is corroborated by pro- 
ton-transfer bracketing experiments that reveal the ex- 
tent of internal excitation in HCO+ (Kim, B.; Shin, S. 
K., unpublished). The proton affinity (PA) of CO is 
141.9 kcal/mol[40, 411. (Values of proton affinities are 
corrected by anchoring the proton affinity of CO as 
141.9 kcal/mol.) HCO” from the Ml’1 underwent en- 
dothermic proton-transfer reactions with HBr (PA = 
139.3 kcal/mol) [40], N,O (PA = 137.8 kcal/mol) [41], 
and HCl (PA = 133.5 kcal/mol) [40], but no proton- 
transfer products were observed with CH, (PA = 130.2 
kcal/mol) 1411 and NO (PA = 127.5 kcal/mol) 1401. 
The internal energy of HCO+ is estimated as high as 
- 10 f 1.5 kcal/mol. 
The kinetic energy of the magnitude considered 
here is not measured easily by either TOF-MS or 
quadrupole mass spectrometry because of uncertainty 
in the ion energy deconvolution. FT-ICR detection af- 
fords both the low kinetic energy measurement owing 
to the absence of ion extraction field and the internal 
energy measurement thanks to the ion trapping capa- 
bility. 
To examine the dependence of the FT-ICR signal on 
the number of ions in the ICR cell, FT-ICR peak heights 
were measured. as a function of pressure at two dif- 
ferent laser powers (7 and 20 mJ/pulse> and at two 
different magnetic field strengths (0.76 and 1.1 T). The 
pressure variation allows one to control the number of 
ions in an ionizing volume. Figure 7a and b shows the 
results obtained at 0.76 and 1.1 T, respectively. Both 
the impulse and broadband rf chirp excitation methods 
gave almost identical results at two different laser 
powers. At 0.76 T, FT-ICR peak heights increase lin- 
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Figure 7. The pressure dependence of the HCO+ ion intensity 
at two different laser powers, magnetic field strengths, and 
excitation methods. (a) B = 0.76 T and (b) B = 1.1 T. The laser 
wavelength was 363.48 nm and the trapping voltage was 1.50 V. 
Figure 8. fl-ICR signal amplitudes as a function of the rf pulse 
duration. The trapping voltage was (a) 0.00 V and (b) 1.50 V. The 
magnetic field strength was fixed at 0.383 T. Error bars indicate 
standard deviations from four independent measurements. 
early in the low pressure range 1.0-5.0 X 10m7 torr. 
However, they deviate from the linearity above 5.0 X 
10m7 torr due to the collisional damping of transient 
ICR signals. The effect of collisional damping is more 
severe when the magnetic field strength increases. 
These results substantiate the linear response of FT-ICR 
detection to the number of ions from the MN in the 
ICR cell in the low pressure regime where the colli- 
sional damping of transient ICR signals is negligible. 
Product Branching Ratio Measurement 
To determine the product branching ratio, each ion 
was excited selectively by a single resonant rf pulse 
and the resonant peak height was measured as a func- 
tion of the rf pulse duration at two different trapping 
voltages (0.00 and 1.50 V). ICR signals were acquired 
at 0.383 T with a 100-megasamples per second tran- 
sient digitizer for 320 ps. Figure 8 shows the results 
for HCO+ and CH,CO+. 
The cyclotron radius from the resonant excitation is 
linearly proportional to both the amplitude and the 
duration of the rf pulse, but inversely proportional to 
the magnetic field strength as given in eq 2: 
where R, denotes the cyclotron radius of the ion and y 
is the geometry parameter for the dipolar excitation, 
y = 1.4433; v 
ix 
is the rf peak-to-peak amplitude, u is 
the edge leng of the ICR cell, B is the magnetic field 
strength, and T is the duration of the resonant rf pulse. 
The cyclotron radius is independent of mass to first 
order so that the peak height is free from mass dis- 
crimination. However, as noted by Xiang and Marshall 
[42], the resonant peak height varies with the axial and 
radial distributions of ions due to nonlinearities in the 
dipolar excitation and detection. Thus, a space-charge 
induced broadening of axial and radial distributions of 
ions needs to be suppressed as much as possible to 
keep ions within a linear detection regime near the 
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center of the ICR cell. The space-charge density was 
minimized as described in the previous section by 
ionizing a diluted molecular beam with low laser 
power. Both the HCO+ and HC,CO+ ions were ar- 
rested by a zero trapping potential as shown in Figure 
8a. Their peak heights increase monotonically with 
increasing rf pulse duration until the resonant excita- 
tion ejects ions out of the cell. Note that daughter ions 
arrested for 320 ps in a zero trapping potential possess 
axial kinetic energies less than 1 meV. When a 1.50-V 
trapping voltage is applied, the HCO+ peak rises 
sharply, reaches a maximum in a shorter rf pulse 
duration than CH&O+, and then falls off precipi- 
tously. The difference in temporal profile may be due 
to dissimilar spatial distributions. AKERDs shown in 
Figure 6 suggest that daughter ions arrested by a 1.5-V 
trapping voltage are distributed within a linear detec- 
tion regime located in the center half of the ICR cell 
along the axial direction. The radial distributions of 
daughter ions are determined primarily via an ionizing 
volume by a tightly focused laser beam for the mag- 
netron radii and by the radial kinetic energy releases 
from photofragmentations for the cyclotron radii. The 
spatial distributions of ions are considered to be well 
confined to the linear detection regime in the ICR cell; 
thus they have little affect on the product branching 
ratio. The ratio of peak maxima in Figure 8b yields 
[HCO+]/[CH,CO+] = - 2.2 f 0.2. The broadband de- 
tection in the pulsed experiment gives the branching 
ratio - 2.1 f 0.2, which is in fair agreement with that 
from the single resonant detection. Meanwhile, the 
branching ratio [HCO+]/[CH,CO+] = - 1.6 f 0.1, 
obtained by using a flowing sample of 5.0 x lo-’ torr, 
shows a bias against the low mass ion due to the 
collisional damping. Under the bulk condition of flow- 
ing sample, the product branching ratio remains nearly 
constant over the power range 2-10 mJ/pulse. Previ- 
ous quadrupole mass spectrometric studies yielded a 
branching ratio of 2.8 [15]. This value is somewhat 
higher than the present result because CH&O+ is 
depleted by sequential fragmentations to CH; and 
CH:. Combination of all the fragment ions derived 
from CH,CO’ leads to a branching ratio of 2.0, which 
is in good agreement with the present result. No re- 
ported branching ratio obtained by TOPMS is avail- 
able for comparison. Because the acetaldehyde molecu- 
lar ion dissociates faster than 10m6 s, the effect of 
kinetic shift on the appearance of the daughter ion is 
almost absent in the quadrupole mass spectrometric 
experiment. 
pressure dependence measurement shows that the 
product branching ratio is prone to be biased against 
the low mass ion because the high frequency ICR 
signal is Subject to stronger collisional damping. The 
unbiased product branching ratio is measured from 
the collision-free transient detection by using a pulsed 
molecular beam. Thus FT-ICR spectrometry finds a 
new opportunity for studies of mass-selected Ml’1 
spectroscopy. 
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